Viruses are major evolutionary drivers of insect immune systems. Much of our knowledge of insect immune responses derives from experimental infections using the fruit fly Drosophila melanogaster. Most experiments, however, employ lethal pathogen doses through septic injury, frequently overwhelming host physiology. While this approach has revealed several immune mechanisms, it is less informative about the fitness costs hosts may experience during infection in the wild. Using both systemic and oral infection routes, we find that even apparently benign, sublethal infections with the horizontally transmitted Drosophila C virus (DCV) can cause significant physiological and behavioural morbidity that is relevant for host fitness. We describe DCV-induced effects on fly reproductive output, digestive health and locomotor activity, and we find that viral morbidity varies according to the concentration of pathogen inoculum, host genetic background and sex. Notably, sublethal DCV infection resulted in a significant increase in fly reproduction, but this effect depended on host genotype. We discuss the relevance of sublethal morbidity for Drosophila ecology and evolution, and more broadly, we remark on the implications of deleterious and beneficial infections for the evolution of insect immunity.
Introduction
Viral infections are pervasive throughout the living world (Suttle, 2005; Rosario & Breitbart, 2011) . Viruses of insects have attracted considerable interest (Miller & Ball, 1998) , in part due to their potential role in the bio-control of insect pests (Lacey et al., 2015) , and also because insects are vectors of many viral pathogens of plants (Whitfield et al., 2015) , animals and humans (Conway et al., 2014) . The abundance and diversity of insect viruses, combined with the extensive morbidity and mortality they cause, make viral infections potentially powerful determinants of insect population dynamics and evolution (Dwyer et al., 2004; Obbard et al., 2006; Wilfert et al., 2016) .
Much of our knowledge of insect immune responses to viral infections has come from work using the fruit fly Drosophila melanogaster, where the focus has been on elucidating the genetics underlying antiviral immunity (Dostert et al., 2005; Huszar & Imler, 2008; Kemp & Imler, 2009; Sabin et al., 2010; Magwire et al., 2012) . Several RNA viruses have been described and investigated in this context, including Nora virus (Habayeb et al., 2009) , Drosophila A virus (DAV; Ambrose et al., 2009) , Flock house virus (FHV; Scotti et al., 1983) and Drosophila C virus (DCV; Jousset et al., 1977) , a horizontally transmitted ssRNA virus in the Dicistroviridae family (Huszar & Imler, 2008) . Initial investigations of DCV infection found that it replicates in the fly's reproductive and digestive tissues (Lauti eHarivel & Thomas-Orillard, 1990 ) and that infection results in accelerated larval development but also causes mortality (Thomas-Orillard, 1984; Gomariz-Zilber et al., 1995) . More recent work has shown that systemic infection with elevated concentrations of DCV causes pathology within the fly's food storage organ, the crop, leading to intestinal obstruction, lower metabolic rate and reduced locomotor activity (Arnold et al., 2013; Chtarbanova et al., 2014) . There is also considerable genetic variation in fly survival when challenged systemically with DCV, which appears to be controlled by few genes of large effect (Magwire et al., 2012) .
While this level of detail concerning the physiological consequences and the underlying genetics of infection is remarkable, it is important to recognize that our knowledge of viral infections comes almost entirely from experimental infections that challenge model systems, such as Drosophila, with artificially high viral concentrations during systemic infections. Even in cases where natural routes of infection have been investigated (Gomariz-Zilber et al., 1995; Ferreira et al., 2014; Stevanovic & Johnson, 2015; Vale & Jardine, 2015) , these have often been achieved using much higher doses than flies are likely to encounter in the wild in order to cause significant mortality. Highly lethal systemic or oral infections have been useful in unravelling broad antiviral immune mechanisms (Dostert et al., 2005; Wang et al., 2006; Kemp & Imler, 2009; Nayak et al., 2013; Karlikow et al., 2014) , but it is unlikely that the morbidity and mortality they cause are an accurate reflection of the level of disease experienced by flies in the wild, where viral infections appear to be widespread among many species of Drosophila as low-level persistent infections with apparently little pathology (Kapun et al., 2010; Webster et al., 2015) . Our understanding of the fitness costs of viral infection in Drosophila is therefore severely limited, which is striking given the evidence from population genetic data that viruses are major drivers of adaptive evolution in Drosophila immune genes (Obbard et al., 2006 (Obbard et al., , 2009 Early et al., 2017) .
To gain a better understanding of the potential fitness costs of DCV infection, we measured the physiological and behavioural responses of flies challenged with DCV. We carried out two separate experiments, either challenging flies with a range of sublethal viral concentrations systemically through intrathoracic injury (experiment 1) or exposing flies through the oral route of infection to a low, sublethal concentration of DCV (experiment 2). Our aim was not to compare the two routes of infection, but to address sublethal infections using both infection routes, as these are commonly employed in experimental infections. We focused on traits that have been previously shown to be affected by DCV infection such as survival, faecal excretion and locomotor activity, as well as female reproductive output, which is ultimately important for evolutionary fitness. We find that even apparently benign, sublethal infections can cause significant physiological and behavioural morbidity that is relevant to fly fitness and that these effects vary according to viral concentration, host genetic background and sex.
Materials and methods

Fly lines and rearing conditions
In experiment 1 (systemic DCV infection), we used Drosophila melanogaster line G9a +/+ described previously (Merkling et al., 2015) , kindly provided by R. van Rij (Radboud University, Nijmegen, Netherlands). This line was maintained on standard Lewis Cornmeal medium (Lewis, 2014) under standard laboratory conditions at 25°C, 12 h : 12 h Light : Dark cycle. Experimental flies were generated by setting up 20 replicate Lewis vials with 15 males and 15 females to mate and lay eggs for 24 h. Three-to four-day-old adults that enclosed from the eggs laid during this period were infected systemically (see below) and then followed individually for health measures.
In experiment 2 (oral DCV exposure), we used ten D. melanogaster lines from the Drosophila Genetic Reference Panel (DGRP): RAL-83, RAL-91, RAL-158, RAL-237, RAL-287, RAL-317, RAL-358, RAL-491, RAL-732 and RAL-821. Given we had no prior knowledge of how the DGRP panel vary in response to oral DCV infection, these lines were chosen randomly. All lines were previously cleared of Wolbachia and have been maintained Wolbachia-free for at least 3 years. Fly stocks were kept at a density of 30 individuals in bottles on standard Lewis medium at 24.5 AE 0.5°C. Flies were allowed to mate and lay eggs for 3 days and then removed. When eggs had developed into 3-day-old imagoes, we picked 16 male and 16 female flies at random from each DGRP line (320 flies in total). Half of these flies (n = 8 replicates) were individually exposed to DCV through the oral route of infection, and the other half were exposed to a sterile Ringers solution (7.2 g L À1 NaCl; 0.17 g L
À1
CaCl 2 ; 0.37 g L À1 KCl, diluted in sterile water, pH 7.4) as a control (n = 8 replicates). Following infection, all flies were kept individually in vials kept in incubators at 24.5°C AE 0.5 with a 12 h : 12 h light : dark cycle for the remainder of the experiment. Vials were randomized within trays to reduce any positional effects within incubators.
DCV stock and culturing
The DCV isolate used in both experiments was originally isolated in Charolles, France (Jousset et al., 1977) , and was produced in Drosophila line 2 (DL2) cells as described previously (Longdon et al., 2013; Vale & Jardine, 2015) . Infectivity of the virus was calculated by measuring cytopathic effects in DL2 cells using the Reed-Muench end-point method to calculate the tissue culture infective dose 50 (TCID 50 ; Reed & Muench, 1938 
Systemic DCV infection and viral titres
We exposed 20 individual male and female flies to each of four viral concentrations (160 flies in total)-0 (control), 10 2 , 10 3 and 10 5 DCV IU mL
À1
, obtained by serial diluting the viral stock with 10 mM Tris-HCl (pH 7.3). Flies were infected systemically by intrathoracic pricking with a needle immersed in DCV suspension under light CO 2 anaesthesia. Control flies were pricked with a needle dipped in sterile 10 mM ). An additional five individuals for each sex/dose combination were infected as described above to quantify DCV within flies following infection, using the expression of DCV RNA. Flies were individually placed in TRI reagent (Life Technologies, Carlsbad, CA, USA) following 5 days of infection (5 DPI); homogenized total RNA was extracted using Direct-zol RNA miniprep kit, which includes a DNAse step (Zymo Research, Irvine, CA, USA), reverse-transcribed with M-MLV reverse transcriptase (Promega, Madison, WI, USA) and random hexamer primers, and then diluted 1 : 2 with nucleasefree water. qRT-PCR was performed on an Applied Biosystems StepOnePlus system using Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) and DCV primers, which include 5 0 -AT rich flaps to improve RT-PCR fluorescent signal (Afonina et al., 2007; DCV_Forward: 5 0 AATAAATCATAAGCCACTGT-GATTGATACAACAGAC 3 0 ; DCV_Reverse: AATAAAT-CATAAGAAGCACGATACTTCTTCCAAACC).
We measured the relative fold change in DCV RNA relative to rp49, (Dmel_rp49 Forward: 5 0 ATGCTAAGCTGTCG-CACAAATG 3 0 ; Dmel_rp49 Reverse: 5 0 GTTCGATCCG-TAACCGATGT 3 0 ), an internal Drosophila control gene, calculated as 2
ÀDDCt (Livak & Schmittgen, 2001) .
Oral DCV exposure
In separate pilot infections, we determined that a DCV culture diluted to contain approximately 10 5 DCV RNA copies was enough to establish a viable infection (Fig. S1 ), but did not cause noticeable mortality, and we used this dilution of DCV stock to inoculate all ten DGRP lines. Individual flies were exposed to DCV in vials containing Agar (5% sugar) using 3-mL plastic atomizer spray bottles containing 2 mL of the sublethal DCV dilution. One spray, releasing roughly 50 lL of DCV dilution (or sterile Ringer's solution), was deployed into each vial. Flies were left in the these 'exposure vials' for 3 days to allow them to ingest the viral solution during feeding and grooming, and then tipped into vials containing clean, blue-dyed Lewis medium (see below).
Survival following infection
Both systemically and orally infected flies were housed individually following infection in vials containing Lewis medium. In the systemic infection experiment, flies were monitored daily for mortality for 38 days post-infection and were transferred to fresh food vials once a week. In the oral infection experiment, flies were transferred to fresh food vials every 3-4 days, and mortality was recorded at this point for the first 32 days post-infection and then daily until 40 DPI (oral infection).
Faecal excretion following oral DCV exposure
Following the exposure period, flies were tipped into vials containing blue-dyed Lewis medium. Blue medium was prepared by adding 0.5 g L À1 FIORI COLORI brilliant blue FCF E133 granules to standard Lewis medium. Flies remained on blue Lewis food for the remainder of the experiment and were tipped to new blue Lewis vials every three to 4 days. When flies were tipped to new vials, the old vials were kept for faecal spot counts (measured immediately) and fecundity measures. Faecal spots were recorded by photographing vials with a Leica S8APO microscope (Leica Microsystems, Wetzlar, Germany). A slip of white printer paper (2.5 9 8.5 cm) was inserted into each vial to ensure only spots on one side of the vial were being photographed. These images were then analysed with ICY image software (Version 1.6.1.1 ICY -Bio Imaging Analysis, ICY, Paris, France), and faecal spots were counted using 'spot detection' analysis on a 2 9 4 cm region of interest. Each image was checked individually for miscounts, and miscounted spots were removed. Faecal excretion was recorded for 30 days following infection.
Fecundity
All fecundity estimates are based upon mating that occurred before infection during the first 3-4 days after eclosion. The fecundity of individual flies was measured by counting viable offspring emerging in the vials they were reared in, which happened weekly until day 30 post-infection in the systemically infected flies, and every 3-4 days in the orally infected flies, for 28 days following exposure to DCV. Short-term fecundity estimates have been shown to be well correlated with lifetime reproduction in D. melanogaster (Nguyen & Moehring, 2015) . Vials that individuals were tipped from (and following the recording of faecal shedding in the oral infection experiment) were placed in the incubators at 24.5°C AE 0.5 with a 12h : 12h light : dark cycle to allow any offspring to develop. After 14 days, the total number of living emerged adult offspring within each vial was recorded as a measure of female fecundity.
Activity
Locomotor activity was measured using the Drosophila Activity Monitor (DAM2, Trikinetics, Waltham, MA, USA) as described previously (Pfeiffenberger et al., 2010; Vale & Jardine, 2015) . In the DAM, individual fly activity is recorded when individually housed flies break an infrared beam passing through a transparent plastic tube placed symmetrically inside a DAM unit. In systemically infected flies, as we used females to measure fecundity, activity was measured on 10 replicate male flies for each DCV dose (40 flies in total), starting the day following septic injury, and measured for 2 weeks following infection. In the oral infection experiment, activity was recorded for 24 h, 14 days after the initial oral exposure. These differences in the timing of activity measurements arise from the faster and more severe effects of systemic infections on locomotor behaviour, while we have found that effects on activity following oral infection take longer to manifest and become apparent 10-15 days after DCV ingestion (Vale & Jardine, 2015) . Four replicate flies for each DGRP (10 lines)/sex (M/F)/infection (DCV/Control) combination were tested (160 flies in total). In both experiments, flies were placed individually in a single DAM tube containing a small agar plug on one end and allocated a slot in one of five DAM unit (each unit can house a maximum of 32 tubes). At least one slot in each DAM unit was filled with an empty tube, and at least two slots were left empty as negative controls. All DAM units were placed in the incubator (25°C 12 : 12 light : dark cycle) and continuous activity data were collected every minute for 24 h. Raw activity data were processed using the DAM System File Scan Software (www.trikinetics.com) and the resulting data were manipulated using R v. 3.1.3 (The R Foundation for Statistical Computing, Vienna, Austria). Flies that died during the DAM assay (6/40 flies in the systemic infection experiment; 25/160 in the oral infection experiment) were removed from the analysis because they would wrongly bias the estimate of activity.
Data analysis
All analyses were carried out in JMP â , Version 12 (SAS Institute Inc., Cary, NC, USA). Survival data were analysed on the 'day of death' using a Cox proportional hazards models in with 'fly sex' and 'DCV exposure' and their interaction as fixed effects (systemic infection experiment) or 'fly sex', fly 'line' and 'DCV dose' and their interactions as fixed effects (oral infection experiment). In the systemic infection, DCV titres were Log 10 -transformed and analysed in a linear model with 'DCV dose' and 'sex' and their interaction as fixed effects. Fecundity following systemic infection was calculated on the cumulative number of emerged offspring in a model containing 'DCV dose' as a fixed effect. In the oral exposure experiment, the cumulative number of offspring was analysed in a model including 'fly line' and 'DCV exposure' and their interaction as fixed effects. Total excretion per fly was analysed using a linear model with 'fly line', 'DCV exposure' and 'sex' as categorical fixed effects, 'Time' as a continuous covariate, and all pairwise interactions. Activity was analysed as the total number of DAM beam breaks recorded per day. Activity following systemic infection was analysed in a linear model with 'DCV dose' and 'Time' as fixed effects. Activity following oral infection was measured for 24 h and analysed in a linear model with 'fly line', 'sex' and 'DCV exposure' as fixed effects. In all analyses, individual replicate was included as a random factor, and in all cases accounted for only 2-5% of the total variance.
Results
Experiment 1: sublethal systemic infection
In a first experiment, we tested how systemic infection with very low concentrations of DCV (10 2 , 10 3 and 10 5 DCV IU mL À1 ) affected fly health. We have previously observed that DCV is able to establish and grow when inoculated into flies at these low doses (Fig. S2) . The survival of both female and male flies exposed to doses of 10 2 and 10 3 DCV IU mL À1 did not differ from control flies that had been pricked with sterile buffer solution (Fig. 1a) . In females, 100% flies exposed to these doses survived infection during the 38-day survival assay, whereas roughly 20% of males died during this period (Fig. 1a) . However, this difference in survival between sexes ('sex' effect, Table 1 ) was also observed in control flies and therefore is likely to reflect sex-specific responses to injury during intrathoracic pricking than to infection. Flies infected with a slightly higher concentration of 10 5 DCV IU mL À1 died significantly faster than control flies. This virus concentration-specific pattern of mortality was generally consistent with the observed DCV titres measured 5 days following infection, (Table 2 , 'dose' effect) which were generally higher in male flies across all DCV concentrations (Table 2 , 'sex' effect, Fig. 1b) . Our experiment therefore spanned the range of sublethal viral doses, with 10 5 DCV IU mL À1 being the lowest virus concentration with lethality in the experiment (Fig. 1a) .
Fecundity following systemic DCV infection
We used mated females, which allowed us to quantify fly reproductive health during systemic infection by following the number of adult offspring produced by individual females for 30 days following infection. The total fecundity measured during this period varied according to the dose females had received (F 3,66 = 10.32, P < 0.0001), and we observed that the total reproduction of infected flies was higher than control flies and increased in a dose-specific manner (Fig. 1c) .
Activity following systemic DCV infection
The locomotor activity of individual male flies infected systemically with all sublethal concentrations of DCV was measured during 18 days after infection in a Trikinetics â Drosophila Activity Monitor (DAM). All flies included in the analysis remained alive for the whole period, so changes in activity were not confounded with potential death of individual flies. We found that flies in all treatments, including uninfected controls, showed a reduction in activity over the course of the activity assay (Fig. 1d , Table time effect) . This general effect is not especially surprising given the constrained environment experienced by flies in the DAM tubes and that the only source of nutrition and hydration is small agar plug. However, our analysis showed that the temporal reduction in activity depended on the dose that flies had received ('time 9 dose' interaction, Table 1 ). In the early stages of infection flies receiving the higher of the four doses (10 3 and 10 5 DCV copies) showed a reduction in activity relative to control flies and those receiving the lowest dose. Over time, a reduction in locomotor activity was most apparent in flies infected with the highest dose of 10 5 DCV copies (Fig. 1d ).
Experiment 2: sublethal gut infection
In a separate experiment, we tested how exposure to a single sublethal dose of DCV through the oral route of infection impacted upon fly health. We conducted the experiment on ten fly lines from the DGRP panel (Mackay et al., 2012) , and we included both male and female flies to test for the effects of host genetic 
background and sex in response to sublethal oral infection. Although DGRP lines differ in their lifespan in the absence of infection (Durham et al., 2014) , we did not detect any difference between DGRP lines or between sexes in their survival during oral DCV infection compared to control flies (Table S1 ) which, as expected, was generally nonlethal across all lines.
Fecundity following oral exposure to DCV
Despite not observing any effects on fly survival during infection, we detected significant variation in reproductive health following exposure to DCV. The total fecundity of females during the 28 days following oral exposure to DCV (or a control inoculum) varied significantly between DGRP lines ( Fig. 2 ; Table 2 ), reflecting well-known genetic differences in the lifetime reproductive output of these lines (Durham et al., 2014) . In addition, we found line-specific fecundity responses to DCV infection ('infection status 9 line', Table 2, see  also Table S2 for pairwise contrasts). In some lines (158, 491, 317), low-level oral infection resulted in a decrease in fecundity; in other lines (821, 358), there was no detectable effect of DCV exposure, whereas in two lines, we detected significant increases in fecundity in DCV infected flies compared to uninfected control flies of the same genetic background ( Fig. 2; see Table S2 for least-square pairwise contrasts).
Locomotor activity following oral exposure to DCV
Overall, DGRP lines differed in their activity in a sexspecific way ('fly line 9 sex' effect Table 2 ), but these differences were not altered by infection. Although we detected a reduction in locomotor activity following systemic infection (Fig. 1d) , we did not detect any effect of oral DCV exposure on the overall activity of flies (Table 2 , Fig. 3 ).
Faecal excretion following oral exposure to DCV
We quantified faecal excretion for 30 days following DCV exposure as a proxy for gut health, by counting faecal spots excreted into vials after ingestion of blue-dyed food. Overall we found that males showed higher levels of faecal excretion compared to females (Table 2 , 'sex' effect; Fig. 4 ) and that DCV infection was associated with a general reduction in faecal excretion throughout the 30-day observation period ('infection status' effect, Fig. 4 ). However, we found that males and females differed in the overall severity of this reduction ('sex 9 infection status' effect), with males showing a greater reduction in defecation overall (Fig. 4) . Furthermore, we found significant variation among the DGRP lines in the magnitude of the effect of DCV on faecal excretion ('fly line 9 infection status' effect).
Discussion
We find that sublethal infections with DCV can cause measurable morbidity that is relevant for the fitness costs experienced by D. melanogaster during DCV infection. In two independent experiments using sublethal concentrations of either systemic or oral DCV Table S2 ) are indicated by asterisks. Data are the mean AE SE of eight individual replicate females. 
infections, we observed effects on fly reproductive output, digestive health and locomotor activity.
Systemically infected flies increase reproductive output
We found that the fly line used in the systemic infection experiment showed an increase in reproductive output when infected with sublethal doses of DCV. There are numerous examples from both invertebrates and vertebrates of fecundity increases following infection (Bonneaud et al., 2004; Vale & Little, 2012; Leventhal et al., 2014; V ezilier et al., 2015) . In addition, earlier work reported that DCV infection could increase ovariole number and decrease development time in D. melanogaster (Thomas-Orillard, 1984; Gomariz-Zilber & Thomas-Orillard, 1993 ). However, a subsequent reanalysis of these data showed very weak support for the beneficial effects of DCV infection (Longdon, 2015) . It is notable however that neither of the earlier studies measured the number of viable offspring of infected flies compared to healthy ones. The fecundity data we report therefore suggest that DCV may indeed result in increased reproductive output.
A dose-dependent increase in fecundity could suggest a direct effect of DCV infecting fly ovaries, but it is unclear why such a strategy would be adaptive for the virus. An alternative hypothesis may instead involve more complex interactions between the allocation of resources during DCV infection, and how they relate to fly nutritional stress and reproductive investment. For example, D. melanogaster females selected under conditions of nutritional stress were found to produce a greater number of ovarioles, while the offspring of starved mothers also exhibited greater investment in reproduction (Wayne et al., 2006) . Similar to the studies described above (Thomas-Orillard, 1984; Gomariz-Zilber & Thomas-Orillard, 1993) , this work also focused on ovariole number and egg production and did not quantify female lifetime fecundity. Given that DCV infection is known to lead to intestinal obstruction, one possibility for the increase in the number of adult offspring we observed in infected flies is that DCV-induced nutritional stress leads to a greater production of ovarioles, and consequently, an increased number of offspring. Given we only tested a single fly line however, it is important to note that this response may not be universal. As we discuss below, fecundity responses to infection have generally been found to differ between host genotypes (Vale & Little, 2012; Parker et al., 2014) .
Fecundity costs and benefits of DCV infection are genotype-specific
Similar to systemically infected flies (Fig. 1c) , we also find evidence for fecundity benefits in orally exposed flies, but these benefits were only revealed in two out of the ten genetic backgrounds we tested. Indeed, in three of the tested lines, DCV infection resulted in lower reproductive output. Taking fecundity as a proxy for evolutionary fitness, the existence of genotype-specific fitness costs and benefits means that DCV could be a potentially powerful driver of D. melanogaster evolutionary dynamics. Previous analyses of Drosophila spp. population genetic data have shown that the fastest evolving D. melanogaster genes are those involved in RNAi-based antiviral defence (Obbard et al., 2006 (Obbard et al., , 2009 Early et al., 2017) , but the DCV-induced fitness costs that drive this rapid evolution in wild-infected flies (where infections are persistent and often nonlethal), has remained obscure. These data suggest that 158  237  287  317  358  491  732  821  83 
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genotype-specific fecundity costs and benefits of DCV infection could potentially mediate the arms-race between flies and viruses.
Systemically infected flies show a dose-dependent decline in activity over time
Reduced activity, or lethargy, following infection is a common response to infection across a range of taxa (Hart, 1988; Adelman & Martin, 2009; Sullivan et al., 2016) . The most obvious explanation for reduced activity is simply that infected individuals are sick, and lethargy reflects the underlying pathology of infection (Moore, 2013) . A popular alternative explanation is that infection-induced lethargy evolved as an adaptive host strategy that conserves energy, which may then be allocated to other physiological tasks such as mounting an immune response (Hart, 1988; Adelman & Martin, 2009) . Support for the adaptive nature of these 'sickness behaviours' has come mainly from vertebrate species challenged with deactivated pathogens or their derived components, which are sufficient to stimulate an immune response without causing pathology (Adelman & Martin, 2009; Lopes et al., 2016) . In addition to vertebrates, sickness behaviours including lethargy and anorexia have also been described in insect hosts (Ayres & Schneider, 2009; Kazlauskas et al., 2016; Sullivan et al., 2016) . However, in the current experiment it is not possible to disentangle the effect of an adaptive sickness behaviour from the direct effect of pathology caused by replicating DCV. Regardless of the underlying cause of reduced activity, it is likely to come at an additional cost of lower involvement in fitness-enhancing activities such as foraging, competing for resources with conspecifics, or courtship and mating (Adelman & Martin, 2009; Adamo et al., 2015; Vale & Jardine, 2016) . Further, reduced activity following infection can also reduce the potential for disease spread (Lopes et al., 2016) . In the context of understanding sublethal DCV infection in an ecological setting, reduced activity may therefore be a potentially important source of DCV-induced fitness costs and benefits.
We did not find an effect of oral DCV exposure on fly activity. Previous work has shown that Drosophila, especially females, show a reduction in activity following oral infection with DCV (Vale & Jardine, 2015) . However, the viral concentration that flies were exposed to in that experiment was at least 10009 higher, so it is likely that in the current experiment flies did not ingest virus in quantities large enough to affect locomotor activity. The severity of DCV-induced digestive dysfunction is sex-specific Previous work has shown that DCV infection results in digestive dysfunction, leading to increased body mass due to the inability to excrete digested food (Arnold et al., 2013; Chtarbanova et al., 2014) . We found that this measure of gut health varied between genotypes and also between sexes. Extensive genetic variation for gut immune-competence has previously been reported in the DGRP panel (Bou Sleiman et al., 2015) , which could underlie some of the variation we observe in DCV-associated digestive dysfunction in some lines. Although that study focused on enteric infection with entomopathogenic bacteria, the mechanisms that mediate variation in gut health during infection include general processes of gut damage and repair, such as the production of reactive oxygen species (ROS) and the production of intestinal stem cells during epithelial repair (Buchon et al., 2013) . It is plausible that these mechanisms also mediate disease severity during enteric virus infection, but we are unaware of any systematic study of genetic variation in gut immune-competence during viral infection. The mechanistic basis of the observed sex differences in faecal excretion is less clear. The Malpighian tubules are the main organ involved in osmoregulation and excretion of waste matter in insects (Dow & Davies, 2001) . D. melanogaster male and female Malpighian tubules have been shown to differ at the transcriptional level with over 18% of genes (2308 genes) showing sexspecific expression (Huylmans & Parsch, 2014) . We measured faecal excretion by quantifying faecal spots on the sides of the vials. Given that females are known to also spend more time feeding (Wong et al., 2009) , it is possible that females also defecate more on the surface of the food compared to males and therefore spend less time on the sides of the vials. Only a few studies have investigated sex differences in faecal excretion in D. melanogaster, finding inconsistent patterns of excretion between sexes (Zeng et al., 2011; Urquhart-Cronish & Sokolowski, 2014) . The link between faecal excretion and fitness is not as clear as with fecundity or locomotor activity, but it is relevant in the context of disease transmission of faecal-orally transmitted pathogens such as DCV. The study of temporal trends in faecal excretion and how they vary with host sex and genetic background may therefore be used as a useful model to understand the sources of heterogeneity in pathogen shedding (Vale et al., 2013) .
Concluding remarks
Altogether, these measures of sublethal morbidity give insight into the potential fitness costs of low-level, persistent DCV infection in Drosophila. More generally, the combination of both positive and negative effects on fly fitness effects according to the specific host genetic background presents a nontrivial evolutionary scenario for host immune defence (Gandon & Vale, 2014) . For instance, frequent encounters between beneficial symbionts and detrimental pathogens are hypothesized to have played a role in the evolution of aphid immune systems, which lack several components of the IMD immune pathway critical for the recognition and elimination of Gram-negative bacteria (Gerardo et al., 2010) . The combination of fitness costs and benefits of infection, such as those incurred during DCV infection, may therefore have driven the evolution of immune defence across a wide range of host taxa, from insects to mammals (Elsik, 2010; Gerardo et al., 2010; Lee & Mazmanian, 2010; Gandon & Vale, 2014) .
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